Abstract Nanoporous and planar gold electrodes were utilised as supports for the redox enzymes Aspergillus niger glucose oxidase (GOx) and Corynascus thermophilus cellobiose dehydrogenase (CtCDH). Electrodes modified with hydrogels containing enzyme, Os-redox polymers and the cross-linking agent poly(ethylene glycol)diglycidyl ether were used as biosensors for the determination of glucose and lactose. Limits of detection of 6.0 (±0.4), 16.0 (±0.1) and 2.0 (±0.1) μM were obtained for CtCDH-modified lactose and glucose biosensors and GOx-modified glucose biosensors, respectively, at nanoporous gold electrodes. Biofuel cells composed of GOx-and CtCDH-modified gold electrodes were utilised as anodes, together with Myrothecium verrucaria bilirubin oxidase (MvBOD) or Melanocarpus albomyces laccase as cathodes, in biofuel cells. A maximum power density of 41 μW/cm 2 was obtained for a CtCDH/MvBOD biofuel cell in 5 mM lactose and O 2 -saturated buffer (pH 7.4, 0.1 M phosphate, 150 mM NaCl).
Introduction
Enzyme electrodes are of significant interest arising from their use in biosensors, particularly for the determination of glucose, and for potential applications in biofuel cells [1, 2] . Commercially available glucose biosensors utilise either free or immobilised enzymes while applications in biofuel cells require the use of immobilised enzymes. The process of immobilisation can enhance the stability of the enzyme [3] , though with the possibility of reduced catalytic activity. The effective immobilisation of redox enzymes requires efficient rates of electron transfer (ET) between the enzyme and the electrode. While a number of approaches can be utilised to characterise ET in enzymes, the mechanism of ET is not always well established [4] . ET is highly dependent on factors, such as the orientation of the enzyme on the electrode surface, the accessibility of the active site and the distance to the electrode surface. In addition, other aspects such as the stability of the redox enzyme, the nature of the enzyme's cofactor(s) and the method of immobilisation of the enzyne on the electrode surface have to be taken into account [5] . Two approaches can be utilised to obtain effective coupling between redox enzymes and the surfaces of electrodes: direct (DET) and mediated (MET) electron transfer [6] .
Direct (mediatorless) ET is relatively simple and has as its main advantage, the absence of mediators and associated interfering side reactions [7] . However, the distance between the redox centre of the enzyme and the electrode surface can be long, decreasing the rate of ET. In addition, shielding of the prosthetic group by the protein may hinder access to the redox centre. Thus, DET is rather rarely obtained [8] and it has been estimated that ca. 5 % of known redox enzymes are capable of DET [9] .
The first types of mediator used were low molecular weight compounds which were soluble and freely diffusing in solution, e.g. ferrocene derivatives [10, 11] . The use of mediators eliminates the requirement to orientate the enzymes at the electrode surface in a manner that provides the optimal orientation of the prosthetic group while minimising the distance to the electrode. In addition, mediators enable rapid exchange of electrons with multiple layers of redox enzymes. Osmium redox polymers have been successfully used to wire the FAD/FADH 2 redox centres of GOx to an electrode [2, 5, 12, 13] . For example, a limiting current density of 1.15 mA/cm ) [14] . Enzymatic biofuel cells utilising ambient fuels are of interest due to potential applications in self-powered sensors, miniaturised devices and portable electronics [12] . High specificity, selectivity and relatively low costs make enzymes attractive biocatalysts for applications in biofuel cells [15] . The majority of enzymatic fuel cells utilise O 2 and glucose as oxidant and fuel, respectively, both of which are available in body fluids. The most frequently used enzymes in biofuel cells are blue multi-copper oxidases (bilirubin oxidase [16] and laccase [17] ) at the cathode and glucose oxidase [16] , glucose dehydrogenase [13] or cellobiose dehydrogenase [18] at the anode. GOx is a dimeric glycosylated protein composed of two identical monomers. Each monomer has two domains: one binds the substrate and the second the co-factor, flavin adenine dinucleotide (FAD). The FAD co-factor is tightly, but non-covalently, bound to the apoenzyme. GOx catalyses the oxidation of β-D-glucose to glucono-δ-lactone which subsequently undergoes hydrolysis to gluconic acid [19] . Cellobiose dehydrogenase (CDH) is an extracellular oxidoreductase produced by phylopathogenic and wood-degrading fungi [20] . In contrast to GOx, CDH is a monomeric protein consisting of two domains: a larger, peanut shaped flavodehydrogenase domain (ca. 60 kDa, 72×57×45 Å) with a non-covalently bound FAD co-factor and a smaller cytochrome domain (ca. 30 kDa, 47×36×30 Å) containing a haem b co-factor [21, 22] . The two domains are connected via a protease cleavable linker region [23] . CDH catalyses the oxidation of cellobiose to cellobio-δ-lactone [24] , it can also use lactose and glucose as substrates.
The selectivity of enzymes can enable the use of onecompartment, membrane-less biofuel cells. Such cells are of interest due to their simplicity of construction, the lack of requirement of a membrane and the potential for miniaturisation. The first report of a one-compartment biofuel cell utilised the oxidation of glucose by glucose oxidase at the anode and reduction of O 2 by cytochrome c/cytochrome oxidase at the cathode. The maximal power generated was low, ca. 4 μW [25] . A glucose/O 2 multi-stacked biofuel cell generating a power output of 1.25 mW/ml, sufficient to power a radio-controlled car of mass 16.5 g has been described [26] . The power density of a mediatorless glucose/ O 2 gold nanoparticle-based biofuel cell operating for 12 h in physiological buffer decreased by 20 % over a period of 12 h [27] . A glucose/O 2 biofuel cell implanted in a grape displayed a power output of 0.47 μWcm −2 which decreased by 22 % after 24 h of continuous operation [16] . A functional glucose biofuel cell implanted in the retroperitoneal space of a freely moving rat has been reported recently. The cell was comprised of two composite graphite discs modified with GOx and polyphenol oxidase to form the anode and cathode, respectively. Using ubiquinone as mediator the cell had a power output of 24.4 μW/ml [28] . Early work in biosensors and biofuel cells focused on two-dimensional electrodes: a design that has been recognized as inadequate for the high sensitivity of biosensors and high power production of biofuel cells. A range of three-dimensional structures have been utilized to efficiently promote ET and increase the enzyme loading. Nanoporous gold is an attractive material due to its ease of fabrication, high conductivity and biocompatibility [29] . It has a high surface-to-volume ratio with tunable pore diameters and its morphology is unchanged over a wide pH range [30] . In this study we describe the use of Os redox polymers to promote MET of the enzymes glucose oxidase (Aspergillus niger glucose oxidase (GOx) and Corynascus thermophilus cellobiose dehydrogenase (CtCDH)), at nanoporous and planar gold electrodes. The enzyme-modified electrodes were used as biosensors for the determination of glucose and lactose and incorporated into biofuel cells operating in saline solutions at pH 7.4 and 37°C.
Materials and methods

Materials
Sulfuric acid (95-98 %), potassium phosphate monobasic (≥99 %) and dibasic (≥98 %), sodium phosphate dibasic (≥99 %), sodium chloride, D-(+)-glucose (99.5 %), D-lactose, and poly(ethylene glycol)diglycidyl ether (PEGDGE) were obtained from Sigma-Aldrich Ireland, Ltd. Absolute ethanol was obtained from Lennox Ltd., Ireland. All solutions were prepared with deionised water (resistivity of 18.2 MΩcm) from an Elgastat maxima-HPLC (Elga, UK).
The complexes, [Os(2,2′-bipyridine) 2 (polyvinylimidazole)Cl] +/2+ (Os(bpy) 2 PVI) and [Os(4,4′-dimethyl-2,2′-bipyridine) 2 
(polyvinylimidazole)Cl]
+/2+ (Os(dmbpy) 2 PVI) were synthesized using published procedures [31] . Glucose oxidase (A. niger GOx) was purchased from Sigma-Aldrich, Ireland, Ltd., and had a volumetric activity of 159 U/ml [32] . CtCDH was purified to homogeneity [18] and had a volumetric activity of 276 U/ml (2,6-dichloroindophenol assay at pH 7.5) [33] , a protein concentration of 22.9 mg/ ml and a specific activity of 10.1 U/mg.
Electrochemical measurements
Electrochemical studies were performed using CHI832 or CHI630A potentiostats (CH Instruments, Austin, Texas) in a standard three-electrode electrochemical cell. Platinum wire (0.5-mm diameter, ALS Co. Ltd., Tokyo, Japan) and Ag/ AgCl (3 M KCl, IJ Cambria Scientific Ltd., UK) were used as the counter and reference electrodes, respectively. Nanoporous gold electrodes were prepared by sputtering on a glass support as described previously [34] . SEM images were obtained with a Hitachi SU-70 instrument. Immediately prior to use, nanoporous gold electrodes were electrochemically cleaned by scanning (200 mV/s, 12 scans) from 0 to 1.5 V in 0.5 M H 2 SO 4 , followed by scanning (50 mV/s, 20 scans) between 0 and 0.8 V in the test solution. The electrodes were then dried in a vacuum chamber at 10 −2 mbar for 10 min and modified with enzyme. All current densities were normalized to the geometric surface area of the electrode. Enzyme-modified electrodes were immersed in 50 mM phosphate-buffered saline, 150 mM NaCl, pH 7.4 at 37°C for at least 20 min prior to electrochemical measurements to allow for film swelling. The power density of biofuel cells was measured in oxygen-saturated 50-mM phosphate-buffered saline at pH 7.4 at 37°C on addition of 5 and 100 mM of substrate. The current densities reported represent the average obtained from ten electrodes.
Enzyme immobilisation procedures
An 8-μl aliquot of a 6-mg/ml aqueous suspension of osmium-based redox polymer, either (Os(bpy) 2 PVI or Os (dmbpy) 2 PVI), was combined with 1.9 μl of a 15-mg/ml aqueous solution of PEGDGE and, either 4.8 μl of a 10-mg/ ml solution of GOx or 2 μl of a 22.85-mg/ml solution of CtCDH. A drop of the solution was then carefully placed on the electrode surface, ensuring that the surface areas were completely covered. The film was allowed to dry for 24 h in the dark at room temperature. In the preparation of biofuel cells, Os(dmbpy) 2 PVI and Os(bpy) 2 PVI were used as mediators for the bioanode and biocathode, respectively.
Results and discussion
A schematic illustration of the enzyme immobilized electrodes is shown (Fig. 1) together with a scanning electron micrograph of a cross section of a nanoporous gold electrode. The incorporation of enzymes into a three-dimensional redox hydrogel eliminates the need to orient the enzyme at the electrode surface in a manner that promotes efficient ET. In addition, the hydrogel enables the immobilisation of increased amounts of enzyme and mediator [35] . Two osmium redox polymers: Os(bpy) 2 PVI and Os(dmbpy) 2 PVI with redox potentials of 0.22 and 0.12 V vs. Ag/AgCl, respectively, were used to immobilize GOx and CtCDH at planar and nanoporous gold electrodes with pore, ligament and crack sizes of 12-20, 15-18 and 55-65 nm, respectively. PEGDGE was used as a bifunctional cross-linking agent [36] .
An essential requirement for the successful operation of biofuels cells utilising mediators is that the concentration of the mediator at the electrode surface should be sufficiently high to shuttle all available electrons from the enzyme to the electrode surface. For GOx-modified electrodes, the optimal response was obtained using a ratio of GOx/Os(bpy) 2 PVI/ PEGDGE of 38.6:38.6:22.8 %, in agreement with previous reports [2, 31, 36, 37] . Optimization studies were also performed with a CtCDH-modified electrode. The response of a series of electrodes modified with Os(bpy) 2 
were examined in the presence of 0, 2.5, 5, 10, 20, 35 and 50 mM lactose. Optimal current densities were obtained for an Os(bpy) 2 PVI/CtCDH weight per cent ratio of 1:1 (Fig. 2) , in agreement with the results obtained with GOx.
The response of GOx and CtCDH bioanodes (Fig. 3) [34] . Limits of detection of 6.0 (±0.4) and 7.0 (±0.5) μM were obtained for the determination of lactose at CtCDH-modified nanoporous and planar gold electrodes, respectively. These results are in good agreement with previous reports of 4 μM for Trametes villosa and Phanerochaete sordida CDHs at spectrographic graphite electrodes [38] . Limits of detection of 16.0 (±0.1) and 20.0 (±0.1) μM were obtained for the determination of glucose at CtCDH-modified nanoporous and planar gold electrodes, respectively. In contrast, the glucose sensor based on GOx immobilized at nanoporous and planar gold electrodes demonstrated lower limits of detection of 2.0 (±0.1) and 6.0 (±0.1) μM, respectively. The values of I max, app (the maximum current density) and K M, app (substrate concentration at 50 % of I max, app ) obtained from MichaelisMenten analysis of the data are listed in Table 1 . Values of K M, Fig. 2 Comparison of the response obtained at CtCDH-Os(bpy) 2 PVImodified planar gold electrodes at polymer-to-enzyme (in weight percent) ratios of 1:4 (diamonds), 1:3 (circles), 1:2 (triangles) and 1:1 (squares). Electrodes were tested in 50-mM phosphate-buffered saline, 37°C at pH 7.4; scan rate, 5 mV/s Fig. 3 Comparison of the current density (in milliamperes per square centimeter) in the presence of increasing concentrations of glucose (a, c) and lactose (b) at planar (solid symbols) and nanoporous (open symbols) gold electrodes modified using (a) GOx and (b, c) CDH and either Os(bpy) 2 PVI (circles) or Os(dmbpy) 2 PVI (diamonds) as the mediator. PEGDGE was used as the cross-linker for all experiments. Electrodes were tested in 50 mM phosphate-buffered saline, 37°C at pH 7.4; scan rate, 5 mV/s app for CtCDH immobilized on nanoporous gold are lower than at planar gold, indicating that the immobilized enzyme has a higher affinity for the substrate on the nanoporous surface. A higher K M, app value, 40.8 (±5.5) vs. 21.2 (±3.9) mM was obtained for GOx-modified nanoporous and planar gold electrodes, respectively. In contrast to the results obtained with CtCDH, immobilized GOx has a higher affinity for the substrate on the planar surface. The origin of such differences is unclear but may reflect the level of access of the substrate to the immobilized enzyme. In comparison, a gold particle-modified electrode with covalently modified GOx displayed a lower K M, app value of 4.3 mM [39] , close to that of the free enzyme and possibly indicating that access of the substrate to the active site was not hindered. In contrast, glucose biosensors prepared using ferrocene-modified polymers had K M, app values that ranged from 16 to 71 mM, with the value of K M, app depending on the length of the side alkyl chain of the polymers used [40] .
Operational stability studies at an applied potential of 0.5 V were performed for 72 h with GOx-and CtCDH-modified electrodes (using Os(bpy) 2 PVI) in glucose-saturated buffer (Fig. 4) . Both electrodes displayed immediate decreases in response, in contrast to previous reports where CtCDH-modified anodes maintained their stability for up to 11 h [38, 41] . A half-life of ca. 20 h was obtained for both anodes (Fig. 4a,  b) . However, the decrease in response for the two electrodes was different. The response of GOx-modified electrodes decayed exponentially, whereas the decrease in charge density for CtCDH displayed biphasic behaviour The first phase (up to 17 h ) observed with CtCDH may arise from leakage of the hydrogel from the electrode surface, with the second slower phase possibly arising from the slow inactivation of CtCDH at the electrode surface. A possible cause of the decreased stability of both electrodes is the loss of the film from the electrode after 72 h [35] as the surface coverage of Os 2+/3+ decreased by 70 % to 0.017 nmol/cm 2 ( Fig. 5 ).
CtCDH and GOx were incorporated as anodes with Melanocarpus albomyces laccase (rMaLc) and Myrothecium verrucaria bilirubin oxidase (MvBOD) cathodes [34] in one-compartment enzymatic fuel cells. The cell with MvBOD and CtCDH as cathode and anode, respectively, Using a rMaLc-modified cathode and a CDH anode, the power densities were 24 and 28 μW/cm 2 vs. 18 and 17 μW/ cm 2 (E=0.15 V) in 5 and 100 mM lactose at nanoporous and planar gold, respectively. In 5 and 100 mM glucose, power densities of 20 and 36 μW/cm 2 were obtained at nanoporous gold electrodes, with lower values of 11 and 19 μW/cm 2 at planar gold electrodes. Slight decreases in the operational potential of 20 and 30 mV on nanoporous and planar gold, respectively, were observed.
On replacing lactose with glucose, higher power densities of 20 and 36 μW/cm 2 in 5 and 100 mM glucose, respectively, were obtained with a rMaLc cathode. In contrast, a biofuel cell with an MvBOD cathode had power densities of 8 and 25 μW/cm 2 in 5 and 100 mM glucose, respectively. The power densities at planar gold electrodes in glucose buffer were similar and independent of the nature of the enzyme immobilized at the cathode. On both electrode types, there was no significant difference in power density when GOx anodes were used with an rMaLc cathode in place of an MvBOD cathode. The lower power density in the presence of lactose likely arises from substrate inhibition. Glucose/oxygen-based biofuel cells fabricated using planar gold electrodes displayed 50 % of the power density achieved at nanoporous gold electrodes, due to the smaller amounts of enzyme immobilized on planar gold electrodes ( Table 2 ). The power output of these cells was limited by the anode. A glucose/O 2 BFC utilizing Os redox mediators on highly ordered macroporous gold electrodes (pore diameters of 500 nm) had a power density of 38 μW/cm 2 at 0.300 V in 10 mM glucose (using rMaLc at the cathode and GOx at the anode) [42] . When the same enzymes were immobilized on the nanoporous gold electrodes described here, power outputs of 27 and 37 μW/cm 2 were obtained in 5 and 100 mM glucose buffer, respectively. The small difference in the power output of the devices at low substrate concentrations can arise from the larger pore diameters of the electrode and the use of stirring [42] . Increases in the operational voltage for the maximum power density of 10 and 20 mV were observed for the GOx/rMaLc biofuel cell at nanoporous and planar gold surfaces, respectively while a value of 0.51 V was obtained for the open circuit potential for both biofuel cells using GOx. The stability of the biofuel cells was examined using CtCDH at the anode and MvBOD at the cathode. Measurements were performed for 300 min in O 2 -saturated and 100-mM glucose phosphate-buffered saline, pH 7.4 at an applied potential of 0.250 V. After 100 min of operation, a 50 % decrease (Fig. 6 ) in power density was observed. Such an immediate loss of power density is likely a result of leakage of the film from the surfaces of the electrodes as described above. The power output was then stable with no change observed over a period of 300 min. In comparison, a 50 % loss in response for a glucose/H 2 O 2 biofuel cell with glucose oxidase reconstituted onto a pyrroloquinoline quinine and FAD monolayer at the anode and microperoxidase-11 at the cathode was observed over a period of 180 min [43] . A stable glucose/O 2 DET based biofuel cell with a CDH-and BOD-modified gold bioanode and biocathode, respectively, maintained 90 % of the original response after a 5-h measurement period and lost only 20 % of its response after 12 h of constant operation [27] .
Conclusions
Nanoporous and planar gold electrodes were modified separately with A. niger GOx and C. thermophilus CtCDH together with osmium redox mediators and the cross-linking agent PEGDGE to form glucose and lactose biosensors. On optimization of the composition of the modifying layers, limits of detection of 6 (±0.4) and 16 (±0.1) μM were obtained for CtCDH-modified nanoporous gold for the determination of lactose and glucose, respectively and of 2.0 (±0.1) μM for GOx-modified electrode for the determination of glucose. High current densities of 1 mAcm -2 were obtained for GOxOs(bpy) 2 PVI-modified nanoporous gold electrodes in solutions containing 15 mM glucose. The response of CtCDH and GOx based biosensors decreased under continuous operating conditions with half-lives of ca. 20 h.
CtCDH-modified electrodes were used as anodes in biofuel cells together with MvBOD and rMaLc-modified electrodes as cathodes. The highest power density, of 41 μW/cm 2 , was obtained with a CtCDH/MvBOD BFC operating in 5 mM lactose buffer under O 2 saturation. BFCs with GOx-modified anodes had higher power densities in 5 mM glucose and O 2 -saturated buffer than anodes modified with CtCDH. Stability studies of BFCs showed a loss of 50 % of power output during a 5-h test. The loss in power is a result of leaching of the film from the pores of the electrode. Improvements in the response may be possible by using films which are more strongly attached to the surface of the electrode. Due to the significantly higher enzyme loadings that can be immobilized on nanoporous gold electrodes, such supports have the potential to develop more stable biosensors and biofuel cells. The advantages of nanoporous gold electrodes are that they are easily modified and are mechanically and chemically robust as enzyme supports. A disadvantage of the use of the electrodes is that while they are easy to prepare, the sputtering instrumentation used to prepare the electrodes is not always readily available.
